We recently reported that cluster determinant 36 (CD36), a fatty acid transporter, plays a pivotal role in glucotoxicity-induced β-cell dysfunction. However, little is known about how glucotoxicity influences CD36 expression. Emerging evidence suggests that the small GTPase Rac1 is involved in the pathogenesis of beta cell dysfunction in type 2 diabetes (T2D). The primary objective of the current study was to determine the role of Rac1 in CD36 activation and its impact on β-cell dysfunction in diabetes mellitus. To address this question, we subjected INS-1 cells and human beta cells (1.1B4) to high glucose conditions (30 mM) in the presence or absence of Rac1 inhibition either by NSC23766 (Rac1 GTPase inhibitor) or small interfering RNA. High glucose exposure in INS-1 and human beta cells (1.1b4) resulted in the activation of Rac1 and induced cell apoptosis. Rac1 activation mediates NADPH oxidase (NOX) activation leading to elevated ROS production in both cells. Activation of the Rac1-NOX complex by high glucose levels enhanced CD36 expression in INS-1 and human 1.1b4 beta cell membrane fractions. The inhibition of Rac1 by NSC23766 inhibited NADPH oxidase activity and ROS generation induced by high glucose concentrations in INS-1 & human 1.1b4 beta cells. Inhibition of Rac1-NOX complex activation by NSC23766 significantly reduced CD36 expression in INS-1 and human 1.1b4 beta cell membrane fractions. In addition, Rac1 inhibition by NSC23766 significantly reduced high glucose-induced mitochondrial dysfunction. Furthermore, NADPH oxidase inhibition by VAS2870 also attenuated high glucoseinduced ROS generation and cell apoptosis. These results suggest that Rac1-NADPH oxidase dependent CD36 expression contributes to high glucose-induced beta cell dysfunction and cell death.
Introduction
Type 2 diabetes is a chronic disease resulting from the progressive impairment of insulin resistance and insulin insensitivity in target tissues. However, at the core of type 2 diabetes pathology is the inability of β-cells to sustain a compensatory secretory response, leading to β-cell dysfunction and death [1] [2] [3] . Although, the molecular signals that trigger β-cell deterioration are unknown, recent experimental evidence suggests that it may involve an increased response to FFA arising from intra-abdominal fat stores [4, 5] . Importantly, studies suggest that dysfunction occurs in the presence of elevated glucose levels [6] . These chronic increases in circulating lipids and glucose levels contribute to impaired β-cell dysfunction and other forms of tissue damage. Studies in Zucker diabetic fatty (ZDF) rats showed that elevated lipid accumulation leads to β-cell destruction via apoptosis [7] . Several studies have shown that fatty acids can induce β-cell death via apoptosis, which was potentiated by glucose [8, 9] . The underlying molecular and cellular mechanisms by which glucotoxicty and lipotoxicity contributes to β-cell destruction and death in type 2 diabetes are still under debate. Recently, we reported that fatty acid translocase cluster determinant 36 (CD36), a membrane glycoprotein, influences glucotoxicity dysfunction by increasing the influx of free fatty acids into pancreatic β-cells [10] . Moreover, forced expression of CD36 in β-cells increases the uptake of fatty acids and leads to metabolic and functional alterations [11, 12] . However, the underlying molecular and cellular mechanisms by which glucotoxicity contributes to CD36 induction and cell death in type 2 diabetes are not completely understood.
Rac1 is a small guanosine triphosphate (GTP)-bound protein belonging to the Rho family. In particular, they are important regulators of cytoskeletal dynamics and of a variety of cellular processes, including cell polarization, morphogenesis, migration, apoptosis, vesicle trafficking, viral transport, and cellular transformation [13] . Moreover, Rac1 signaling induces localized actin polymerization at the membrane level, promoting the internalization of particles and microorganisms, and contributes to the assembly and activation of the phagocyte nicotinamide adenine dinucleotide phosphate (NADPH) oxidase complex involved in the elimination of bacteria [14] . Several pieces of evidence support a key role for Rac1 in various phenomena in the cytoskeleton, oxidative stress and insulin secretion. Because of its diverse functions, Rac1 has both positive and negative impacts on pancreatic beta cells [15] . One important effector of Rac1 activity is p67phox, which combines with other components of the NADPH oxidase (NOX) system when activated to generate a fully functional complex for producing ROS. Moreover, NOX has long been recognized as a signaling molecule in the inflammatory response to the induction of insulin resistance, both in vitro and in vivo [16, 17] . Based on the potential importance of NOX in the pathogenesis of type 2 diabetes, the role of Rac1-NOX in beta-cell dysfunction and apoptosis remains unknown.
In the present study, the effects of Rac1-NADPH oxidase signaling on CD36 activation were investigated in INS-1 and human pancreatic 1.1b4 beta cells. Our results showed that Rac1-NADPH oxidase activation mediates CD36 expression induced by high levels of glucose. Rac1-NADPH oxidase inhibition strongly blocked CD36 expression and protected beta cells from apoptosis induced by high glucose levels by suppressing mitochondrial dysfunction.
Materials and methods

Cell culture, chemicals
Rat insulinoma INS-1 cells and human pancreatic insulin-releasing 1.1b4 cells (passage 30-40; purchased from ECACC, European Collection of Cell Cultures, Sigma-Aldrich, St. Louis, MO, USA) were cultured in a humidified atmosphere containing 5% CO2 in RPMI 1640 (Life Technologies, Inc., Grand Island, NY) medium supplemented with 10% (v/v) heat-inactivated FBS (Gibco, Grand Island, NY, USA), 100 U/ml penicillin and 100 μg/ml streptomycin. Lipofectamine™ 2000 Transfection Reagent (Invitrogen, Carlsbad, CA) was used to transfect INS-1 cells. Cells were transfected with 100 nmol/l of Rac1-siRNA (Bioneer Corporation, Daejeon, Korea). After 24 h of transfection, the cells were exposed to 30 mM glucose for varying periods of time.
Rac1 activation assay
Activation of Rac1 was quantified using a Rac1 activation assay kit (Upstate Biotechnology). Briefly, cells were serum starved and then treated with NSC23766 (50 μM) for 2 h. Subsequently, cells were treated with a high concentration of glucose (30 mM) for the indicated time period. The plate was washed extensively. Protein samples were prepared according to the manufacturer's instructions. Samples were resolved using SDS-PAGE and transferred to a nitrocellulose membrane. GTP-bound Rac1 was identified using the anti-Rac1 antibody.
NADPH oxidase activity assay
NADPH oxidase activity in cell lysates was assayed using the lucigenin chemiluminescence assay according to methods described previously [18] with modifications. The cells were treated with NSC23766 (50 μM) for 2 h and then exposed to high concentrations of glucose (30 mM) for the indicated period of time. After incubation, the cells were homogenized through sonication in PBS containing 1 mM MgCl2, 1 mM EGTA and protease inhibitors. The homogenates were centrifuged at 3000g for 10 min at 4°C. The cleared lysates (250 μg/ml of protein) were then incubated with 20 μM lucigenin (Cayman Chemicals) and 100 μM NADPH (Sigma Aldrich) prepared in PBS. Chemiluminescence was measured every minute for 5 min using a luminometer. NADPH oxidase activity was expressed in relative light units (RLU) per μg protein. To detect the inhibitory effects of NADPH oxidase activity, cells were first incubated with VAS-2870 (10 μM) for 1 h. Subsequent steps followed the same procedures detailed above.
Apoptosis and mitochondrial functional assay
INS-1 cell apoptosis was assessed using the TUNEL staining kit (Roche, Basal, Switzerland). INS-1 cells were exposed to either vehicle or NSC23766 (50 μM) for 2 h or VAS-2870 (10 μM) for 1 h and then exposed to high concentrations of glucose (30 mM) for 24 h. Upon completion of the treatment, the cells were further processed, according to the manufacturer's instructions. The image was captured using fluorescence microscopy. Cell death was quantified using ImageJ software (National Institute of Health). The mitochondrial membrane potential was measured using DiOC6 (Sigma-Aldrich). Briefly, harvested cells were washed once with PBS and then labeled with 10 nM DiOC6 for 5 min at 37°C. The cells were washed once and the cell fluorescence was analyzed using flow cytometry (BD Biosciences, San Jose, CA). Intracellular ROS generation was assessed using 2, 7-dichlorodihydrofluorescein diacetate (DCF-DA, Molecular Probes, Invitrogen, USA). INS-1 cells were washed and then incubated in the dark for 15 min with 10 μM/l DCF-DA at 37°C and then visualized under a fluorescence microscope. The mean fluorescence intensity was used to quantify cellular ROS. Apoptosis and mitochondrial dysfunction were confirmed by assessing cytosolic cleaved caspase-3 and cytochrome c release using western blot analysis. Cytoplasmic extract were fractionated using the NE-PER Nuclear and Cytoplasmic Extraction Reagent Kit (Thermo Scientific, Rockford, USA) according to the instructions of the supplier.
Cell viability and caspase-3 activity
Human pancreatic 1.1b4 cells were pretreated with or without NSC23766 (50 μM) for 2 h or VAS2870 (10 μM) for 1 h, followed by stimulation with 30 mM glucose. After 48 h, the percentage of viable cells were measured using the Cell Counting Kit-8 (CCK-8) (Dojindo Lab., Kumamoto, Japan). Caspase-3 activity in the cell extracts was determined using Caspase-Glo 3/7 Assay (Promega). The luminescence of each sample was measured using Flex station (Molecular Devices). Caspase 3/7 activity was expressed in terms of relative fluorescence units.
Plasma membrane preparation
INS-1 and human pancreatic 1.1b4 cell plasma membrane extracts were prepared using a plasma membrane protein extraction kit (Biovision). The cells were washed once in cold PBS and plasma membrane protein extraction was performed according to the manufacturer's instructions using the reagents included in the kit. The protein concentration was obtained using the Bradford protein assay. NA + K + ATPASE was used as a loading control to show the same amounts of plasma membrane protein in each lane.
Western blotting
Cell protein lysates were resolved using NuPAGE 4-12% Bis-Tris gel (Invitrogen) and transferred to PVDF membranes (Millipore, Billerica, MA, USA). After blocking, the membranes were stored at Immuno-reactive proteins were detected using ECL reagents (ECL Plus; Amersham, GE Healthcare Life Sciences, Little Chalfont, Buckinghamshire, UK). Band densities were measured using ImageJ software (NIH).
Statistical analysis
Statistical significance was determined using the one-way Tukey test or by the analysis of variance (ANOVA) as appropriate. P values < 0.05 were considered statistically significant.
Results
Activation of Rac1, NADPH oxidase and induction of beta cell apoptosis by high glucose concentrations
To determine whether high concentrations of glucose (30 mM) can induce Rac1 activation, we treated INS-1 cells with high concentrations of glucose for varying periods of time. As shown in Fig. 1a , a robust elevation of Rac1 activity was observed at 60 min. High glucoseinduced Rac1 activity was associated with elevations in NADPH oxidase activity as measured by the chemiluminescence assay (Fig. 1b) . Furthermore, treatment with high concentrations of glucose significantly induced INS-1 cell apoptosis (Fig. 1c) .
NSC23766 inhibits Rac1, NADPH oxidase activation by high glucose concentrations
To test whether inhibition of Rac1 improves beta cell function, we treated INS-1 cells with the Rac1-GTPase inhibitor NSC23766 (50 μM) for 2 h and then exposed them to high concentrations of glucose (30 mM) for another 1 h. Treating INS-1 cells with NSC23766 (50 μM) effectively decreased Rac1 activity induced by high concentrations of glucose(30 mM) (Fig. 2a) . To confirm whether the beta-cell dysfunction induced by high glucose concentrations is mediated by Rac1, we downregulated endogenous Rac1 expression by transfecting INS-1 cells with Rac1-siRNA and then incubating them in high concentrations of glucose (30 mM) for 1 h. Rac1-siRNA significantly inhibited the endogenous Rac1 expression at the high glucose concentrations. (Fig. 2b) . Consistent with this finding, treatment of INS-1 cells with either NSC23766 (50 μM) or Rac1-siRNA significantly blocked high glucose-induced NADPH oxidase activity (Fig. 2c) . Moreover, treat- Fig. 1 ).
Induction of CD36 expression by high concentrations of glucose and inhibition by NSC23766
In addition to the role of CD36 as a master transporter of fatty acid uptake, evidence also suggests that CD36 plays a role in the regulation of beta cell dysfunction [19] . Based on this finding, we speculated that high glucose-induced upregulation of Rac1-NADPH oxidase activity may induce CD36 expression. Consistent with this assumption, we found that CD36 expression increased in a time dependent manner in INS-1 cells after treatment with high concentrations of glucose (Fig. 3a) . We then examined the membrane translocation of CD36. As shown in Fig. 3b, at 12 h the CD36 protein levels in the plasma membranes were significantly upregulated in high glucose-treated INS-1 cells. Indeed, INS-1 cells treated with NSC23766 (50 μM) exhibited time dependent decreases in CD36 expression (Fig. 3a) . Additionally, NSC23766 (50 μM) treatment significantly decreased CD36 protein expression in the plasma membrane fractionation (Fig. 3b) . To determine whether CD36 expression induced by high glucose concentrations (30 mM) is mediated by Rac1, we downregulated endogenous Rac1 expression by transfecting INS-1 cells with Rac1-siRNA and then incubated them with high concentrations of glucose (30 mM). Rac1-siRNA significantly inhibited high glucose-induced upregulation of CD36 expression in the plasma membrane (Fig. 3c) . These observations suggest that high glucose-induced CD36 expression is mediated by Rac1 activation.
NSC23766 blocks mitochondrial dysfunction in beta cells by suppressing Rac1-NADPH oxidase activity
Next, we determined whether Rac1 inhibition blocked high glucoseinduced mitochondrial dysfunction. The mitochondrial membrane potential was assessed using flow cytometry. Interestingly, Rac1 inhibition by NSC23766 (50 μM) abolished high glucose-induced mitochondrial membrane potential loss followed by a release of cytochrome c into the cytosol and caspase-3 activation, reflecting the activation of the permeability transition pore (PTP), a key event in cell death (Fig. 4a-c) . High glucose-induced caspase-3 activation was also blocked by the NADPH oxidase inhibitor VAS-2870 (10 μM) ( Supplementary Fig. 2 ). Intracellular ROS production plays a critical role in mediating mitochondrial dysfunction and cell death [20−22] . As shown in Fig. 4d , intracellular ROS levels were significantly increased by high glucose (30 mM). Interestingly, Rac1 inhibition by NSC23766 (50 μM) or Rac1-siRNA suppressed high glucose-induced intracellular ROS in INS-1 cells (Fig. 4d) . In addition, intracellular ROS production was also decreased by the NADPH oxidase inhibitor VAS-2870(10 μM) (Supplementary Fig. 3) . Consistent with the changes in ROS levels, high glucose-induced cell apoptosis was inhibited by Rac1 inhibition (Fig. 4e) or NADPH oxidase inhibition ( Supplementary Fig. 4 ).
High glucose induced Rac1 activation in human 1.1b4 beta cells
In an attempt to establish the effects of high glucose concentrations on Rac1 activation in human pancreatic beta cells, we treated human pancreatic 1.1b4 beta cells with high levels of glucose (30 mM) for 24 h. As expected, treatment with high concentrations of glucose resulted in Rac1 activation. In addition, pretreatment with NSC23766 (50 μM) resulted in marked Rac1 inhibition (Fig. 5a) . We further detected that treatment with high concentrations of glucose (30 mM) induces NADPH oxidase activity. These results indicated that the Rac1 activity in 1.1b4 cells was also increased by high glucose concentrations and that Rac1-induced activation of NADPH oxidase activity was inhibited by NSC23766 (50 μM) (Fig. 5b) . Consequently, Rac1 activity mediated by high glucose concentrations increased CD36 expression in the membrane fraction of 1.1b4 cells. In addition, NSC23766-mediated Rac1 inhibition decreased CD36 accumulation (Fig. 5c) . Combined, these results indicate that Rac1 inhibition blocks CD36 expression in human pancreatic 1.1b4 cells.
Inhibition of Rac1 prevents high glucose-induced ROS, caspase-3 activity and cell viability loss
Given that Rac1 is a key regulator of NADPH oxidase activation and superoxide O 2
•− production, we determined whether intracellular ROS production was affected by high glucose concentrations and Rac1-NADPH oxidase inhibition. As shown in Fig. 6a , when compared to the control, high levels of glucose (30 mM) strongly increased intracellular ROS production in 1.1b4 cells. This high glucose-induced ROS production was abolished by either NSC23766 (50 μM) or VAS-2870 (10 μM) treatment. Rac1 or NADPH oxidase inhibition also inhibited high glucose-induced caspase-3 activity in 1.1b4 cells (Fig. 6b) . Furthermore, we also examined the possibility that high glucoseinduced 1.1b4 cell viability loss would be prevented by Rac1-NADPH oxidase inhibition. To a similar extent, inhibition of Rac1-NADPH oxidase with NSC23766 (50 μM) or VAS-2870 (10 μM) significantly reduced high glucose-induced 1.1b4 cell viability loss (Fig. 6c) . Taken together, these results demonstrate that high glucose-mediated Rac1-NADPH oxidase activation resulted in mitochondrial dysfunction and the loss of cell viability.
Discussion
In the present study, we demonstrated high glucose-induced toxicity in pancreatic beta cells by means of Rac1-NADPH oxidase activation. Importantly, we showed that exposure of pancreatic beta cells to high glucose concentrations induced CD36 expression through Rac1-NADPH oxidase activation.
An accumulation of evidence suggests that hyperglycemia contributes to pancreatic beta cell failure and the development of diabetes [1−4] . Our previous study demonstrated that CD36 activation by high glucose concentrations mediates beta cell dysfunction [10] . However, the underlying mechanisms of CD36 activation remain unclear. To identify the signaling pathway involved in CD36 activation of glucose, we established a potential link between Rac1-NADPH oxidase and HG. Data represents three independent experiments and equal loading was confirmed with β-actin. (d) Inhibition of Rac1 activity blocks high glucose induced ROS production. INS-1 cells were treated with NSC23766 (50 μM) for 2 h or transfected with 100 nmol/L Rac1-siRNA and then exposed to high concentrations of glucose (30 mM) for 24 h. Cellular ROS production was analyzed by fluorescence microscopy using 10 μM/L DCF-DA. * P < 0.0001 vs. control, ** P < 0.005 vs. HG, *** P < 0.001 vs. HG. (e) Inhibition of Rac1 activity blocks high glucose induced INS-1 cell apoptosis. INS-1 cells were treated with NSC23766 (50 μM) for 2 h and then exposed to high concentrations of glucose (30 mM) for 24 h. INS-1 cell apoptosis was assessed by TUNEL-assay using fluorescence microscopy. * P < 0.001 vs. control, * P < 0.001 vs. HG.
CD36 activation during beta cell dysfunction. Although Rac1-NADPH oxidase signaling has been implicated in beta cell damage [16] [17] [18] 23] , its role in CD36 activation provides a link to the completely distinct process of beta cell dysfunction. Overwhelming evidence suggests that Rac1 inhibition may have protective effects in beta cells exposed to high concentrations of glucose [24] .
In agreement with what has been previously found, we observed that Rac1 activation led to increased cell apoptosis after exposure to high concentrations of glucose (30 mM). Pharmacological inhibition of Rac1 by NSC23766 inhibited increases in cell apoptosis. Moreover, inhibition of Rac1 activity using siRNAs confirmed these results. In addition to increased Rac1 activation, exposure to high concentrations of glucose was also associated with increased ROS production [25] . Interestingly, Rac1 plays a crucial role in the activation of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, a membrane associated protein complex that catalyzes the one electron reduction of oxygen to a superoxide anion [26, 27] . With this functional characterization, we also tested the effects of high glucose concentrations on NADPH oxidase activity in INS-1 as well as in human 1.1b4 cells. A significant increase in NADPH oxidase activity was observed in cells after exposure to high concentrations of glucose; whereas Rac1 inhibition by NSC23766 strongly inhibited increases in NADPH oxidase activity. NADPH oxidase activity had similar inhibitory effects in INS-1 cells after VAS-2870 treatment. Our findings suggest that Rac1-NADPH oxidase is involved in the metabolic dysfunction of beta cells under hyperglycemic conditions. Several studies have demonstrated that hyperglycemia-induced CD36 expression mediates cellular dysfunction in various tissues [28, 29] . This upregulation was found to coincide with increased oxidative stress. With this functional characterization, we also tested the effects of high glucose concentrations on CD36 expression as well as its trafficking to the plasma membrane. Of note, CD36 expression was significantly increased in INS-1 and human 1.1b4 pancreatic beta cells, suggesting the pronounced cytotoxic effects of high levels of glucose. Moreover, increases in membrane CD36 were observed after treatment with high concentrations of glucose reflect its function in cellular fatty acid uptake. Recently, it has been shown that CD36 deficiency attenuates obesity associated oxidative stress in the heart through reduced NADPH oxidase activity [30] . Interestingly, pharmacological inhibition of Rac1 by NSC23766 or siRNA attenuated high glucose induced NADPH oxidase activity, suggesting the critical involvement of NADPH oxidase in the activation of CD36 expression.
On the other hand, pharmacological and genetic inhibition of NADPH oxidase prevent oleate-induced beta cell dysfunction [31] . These findings support the hypothesis that Rac1-NADPH oxidase contributes to CD36 activation under hyperglycemic conditions. Most strikingly, it is closely integrated with mitochondria, which play an important role in high glucose-induced beta cell apoptosis [32, 33] . In support of this finding, altered mitochondrial membrane potentials were found to be associated with the release of cytochrome c leading to the activation of caspase-3, which reflects perturbations in mitochondrial function imposed by high levels of glucose. Under the same conditions, ROS generation in response to high levels of glucose was increased. However, we show that Rac1 inhibition could counteract high glucose-induced mitochondrial dysfunction by inhibiting mitochondrial membrane potential loss linked to the reduction of cytochrome c release and caspase-3 activation. In addition, Rac1 and NADPH oxidase inhibition depleted cellular ROS generation induced by high concentrations of glucose. Moreover, it should be noted that changing the balance of mitochondrial enzymes and increasing ROS production can alter susceptibility to dysfunction by the activation of stress kinases [34, 35] . A recent study conducted by Sidarala et al. [36] reported that Rac1-NADPH oxidase was associated with increases in MAPK activation by glucotoxicity. Considering this, we found that high concentrations of glucose induced MAPK activation while Rac1 inhibition blocked this activation ( Supplementary Fig. 5 ).
Similar to our findings in INS-1 cells, we demonstrated that prolonged exposure of human pancreatic 1.1b4 cell lines to high concentrations of glucose resulted in Rac1 activation and increased NADPH oxidase activity. Furthermore, we found that CD36 membrane expression was significantly increased by treatment with high concentrations of glucose in human 1.1b4 cells. Interestingly, similar inhibitory effects by NSC23766 on Rac1 activation were observed in human 1.1b4 cells. Moreover, Rac1 inhibition would have been sufficient to inhibit high glucose-induced NADPH oxidase activity as well as CD36 membrane translocation. Finally, treatment of human 1.1b4 cells with Rac1 or NADPH oxidase inhibitor prevented high glucose-induced ROS production, caspase-3 activity and 1.1b4 cell viability loss. Our results present the first evidence that Rac1 inhibition protects human 1.1b4 cells from high glucose-induced apoptosis by blocking NADPH oxidase-CD36 activation.
In conclusion, we clearly demonstrated that Rac1-NADPH oxidase activation by high glucose-induced CD36 expression. The membrane expression of CD36 may increase beta cell dysfunction by increasing fatty acid uptake. Pharmacological or siRNA-mediated inhibition of Rac1 prevents high glucose-induced pancreatic beta cell apoptosis by blocking the NADPH oxidase-CD36-mitochondrial pathway (Fig. 7) . Future studies examining the precise relationship between Rac1 and CD36 should address their potential interplay in the pancreatic beta cell dysfunction and failure. 
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